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Abstract 

Cobalt  is  usually  post-added  as  CoO  or  Co(OH)2  to  nickel  hydroxide  at  the  positive  electrode  (nickel  oxide  electrode)  of  alkaline  batteries,  to 
form  a  conductive  network.  In  the  present  work,  we  focus  on  the  transformation  of  CoO  and  Co(OH)2  phases  when  oxidized  at  90  °C.  The  Co304 
phase  is  the  majority  product  of  such  a  reaction,  with  CoOOH  as  a  secondary  product.  It  is  shown  that  the  Co304  phase  results  from  the  reaction  of 
the  CoOOH  phase,  formed  by  electrochemical  oxidation  of  Co(OH)2,  with  Co2+  species  in  the  electrolyte,  which  is  made  possible  by  temperature. 
This  process  requires  a  global  migration  of  the  cobalt  phases  towards  the  current  collector. 

©  2008  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Cobalt  addition  plays  a  key  role  to  improve  the  performances 
of  the  nickel  hydroxide  electrode,  the  positive  electrode  of  Ni¬ 
MH  cell.  Cobalt  is  usually  added  in  two  different  ways  to 
|3-nickel  hydroxide,  the  active  material  that  stores  energy:  it 
can  either  be  co-precipitated  with  nickel  hydroxide,  to  form 
a  mixed  nickel-cobalt  hydroxide,  or  post-added  by  mixing 
cobalt  monoxide  or  cobalt  hydroxide  to  nickel  hydroxide.  In 
co-precipitation,  adding  cobalt  improves  the  conductivity  of  the 
active  material  [1,2]  and  reduces  charge  and  discharge  poten¬ 
tial,  compared  to  pure  nickel  hydroxide  [3,4].  The  conductivity 
increase  as  well  as  the  decrease  of  the  oxidation  potential  of 
the  active  material  in  charge,  leads  to  an  increased  chargeabil- 
ity  of  the  electrode  and  thus  a  higher  capacity  of  the  battery. 
Co-precipitation  of  cobalt  in  (3 -nickel  hydroxide  also  tends  to 
prevent  the  formation  of  the  y-type  hydrated  nickel  oxy hy¬ 
droxide  phase  during  overcharge,  and  therefore  the  associated 
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swelling  of  the  electrode  [5].  The  life  duration  of  the  electrode 
is  thus  improved.  In  the  case  of  post-added  cobalt,  the  positive 
effect  is  linked  to  the  high  porosity  of  the  nickel  foam,  used  for 
non- sintered  high-capacity  electrodes,  which  plays  both  roles 
of  substrate  and  current  collector.  Nickel  hydroxide  is  filling 
the  pores  of  the  substrate.  However,  the  low  conductivity  of  the 
active  material  leads  to  isolating  parts,  which  are  located  in  the 
middle  of  the  pores,  and  thus  far  away  from  the  current  collector. 
The  result  is  a  low  active  material  utilization  rate.  When  cobalt  is 
added,  either  in  the  form  of  Co(OH)2  or  CoO,  a  conductive  sub¬ 
network  is  formed  within  the  pores,  linking  electronically  the 
whole  active  material  to  the  current  collector,  and  thus  allowing 
an  active  material  utilization  rate  as  high  as  100%  [6,7].  Such 
a  role  requires  three  main  properties  of  the  cobalt  derivative:  it 
is  able  to  spread  over  the  electrode,  to  form  a  wide  conductive 
sub-network  from  localized  addition;  it  forms  a  conductive  phase 
after  oxidation;  the  so-formed  phase  is  stable  in  usual  cycling 
conditions. 

Though  most  of  the  work  has  been  focused  on  the  global 
performance  of  nickel  hydroxide  electrode,  some  studies  have 
dealt  with  the  mechanism  of  post- added  cobalt  effects.  It  has 
been  shown  that,  whatever  the  cobalt  phase  added,  it  is  oxidized 
into  conductive  CoOOH  during  the  first  charge  [6].  Actually, 
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further  work  has  demonstrated  that  the  conductive  phase  was 
a  non- stoichiometric  HxCo02  phase  [8].  In  the  following  the 
stoichiometric  phase  HC0O2,  which  is  a  bad  conductor,  will 
be  denoted  as  CoOOH.  Two  mechanisms  were  reported  for  the 
oxidation  of  Co(OH)2  into  CoOOH,  depending  on  the  charge 
rate  [9].  At  high  charging  rate,  the  oxidation  proceeds  via  a 
solid-state  reaction  and  the  formed  phase  is  the  conductive 
H^Co02  phase.  At  low  charging  rate,  the  CoOOH  phase  can 
also  be  formed  by  a  dissolution-reprecipitation  process.  When 
CoO  is  used  as  an  additive,  it  is  hydrolyzed  into  Co(OH)2.  This 
step,  occurring  through  dissolution-reprecipitation  via  the  elec¬ 
trolyte,  allows  to  better  distribute  the  cobalt  within  the  electrode 
and  thus  obtain  a  better  effect  of  cobalt  than  with  Co(OH)2, 
for  the  same  amount  of  cobalt  added  [6].  However,  post-adding 
cobalt  to  the  electrode  exhibits  some  drawbacks.  During  stor¬ 
age  at  low  potential,  for  example  when  a  discharge  cell  is  left 
in  short  circuit,  cobalt  is  reduced  and  migrates  to  the  surface 
of  the  current  collector  [10].  Such  a  phenomenon  was  already 
observed  for  co-precipitated  cobalt  [11].  The  formation,  in  pecu¬ 
liar  cycling  conditions,  of  insulating  phases  like  CoOOH  [12,13] 
or  C03O4  [10,14],  was  also  underlined,  the  latter  phase  being 
favored  by  higher  temperature.  Those  studies  pointed  out  the  role 
of  dissolved  cobalt,  as  a  blue  cobalt  complex  formed  in  highly 
concentrated  alkaline  medium.  These  species  were  sometimes 
described  as  HC0O2  “[11,15].  More  recent  studies ,  based  on  vis¬ 
ible  spectroscopy,  identified  Co(OH)42-  complexes  [10,16]  and 
a  nucleation-growth  mechanism  in  solution  was  proposed  for  the 
formation  of  C03O4.  A  solution  has  been  proposed  to  overcome 
the  capacity  loss  by  processing  the  first  charge  of  the  electrode, 
when  the  cobalt  conductive  network  is  formed,  at  90  °C,  which 
allows  to  maintain  the  performances  of  the  electrode  after  a  dis¬ 
charge  or  a  storage  at  low  potential  [17].  These  conditions  tend 
to  favor  the  formation  of  a  C03 04-type  phase.  Though  the  ideal 
C03O4  phase  is  known  as  insulating,  we  could  obtain  00304- 
type  conductive  phases  (10-1  Scm-1)  by  electro-oxidation  of 
cobalt  at  90  °C  in  different  electrolytes  [18].  The  conductive 
phases  were  shown  to  be  spinel-type  cobalt  derivatives,  with  the 
formula  “H^Li-yCo3  _  ZC>4”,  exhibiting  cobalt  vacancies,  lithium, 
hydrogen  and  tetravalent  cobalt  in  their  structure.  Such  conduc¬ 
tive  phases  were  formed  in  LiOH  electrolytes,  but  also  in  the 
ternary  electrolyte  (KOH,  LiOH,  NaOH)  used  in  commercial 
cells,  which  is  mainly  constituted  by  KOH  (approximately  8  M). 
Hence,  to  consider  a  less  complicated  chemical  system  though 
not  too  far  from  the  commercial  cells,  the  electrochemical  oxi¬ 
dation  of  cobalt  was  studied  in  8  M  KOH.  It  was  thus  shown 
that  in  optimized  conditions  (CoO  as  starting  phase  and  C/100 
charge  rate)  a  pure  Co304-type  phase  was  formed,  with  low  con¬ 
ductivity  but  a  structure  close  to  the  conductive  phases.  It  is  thus 
possible  to  investigate  the  formation  mechanism  of  these  phases 
in  8  M  KOH. 

In  the  present  work,  the  behavior  of  cobalt  derivatives  dur¬ 
ing  the  charge  at  90  °C  in  KOH  8  M  is  investigated.  We  focus 
on  the  mechanism  leading  to  the  Co304-type  phase  by  study¬ 
ing  the  structural  and  morphological  evolution  of  two  different 
cobalt- starting  phases:  CoO  and  Co(OH)2.  The  solubility  of 
cobalt  derivatives  within  the  electrolyte  and  its  evolution  during 
electrochemical  oxidation  is  also  studied,  to  link  the  presence 


of  Co(OH)42-  species  in  the  electrolyte  to  the  formation  of 
either  C03O4  or  CoOOH.  Finally,  various  KOH  concentrations 
and  charge  rates  were  tested  in  order  to  confirm  the  proposed 
mechanism. 

2.  Experimental 

All  the  materials  were  obtained  by  electro-oxidation  of  a 
cobalt-based  electrode.  The  electrodes  are  made  from  a  viscous 
paste  consisting  of  CoO  or  Co(OH)2,  mixed  with  distilled  water, 
that  was  introduced  into  porous  nickel  foam,  dried  2  h  at  85  °C 
and  pressed  at  Item-2.  No  mechanical  binder  such  as  PTFE 
was  used,  considering  that  only  one  charge  is  performed  and 
that  the  material  has  to  be  recovered  from  the  electrodes  after¬ 
wards.  The  electrode  was  then  set  between  two  over-capacitive 
cadmium  electrodes,  playing  both  roles  of  counter  electrode  and 
reference  electrode,  with  a  polyamide  separator  avoiding  short 
circuit.  The  electrolyte  was  8  M  KOH,  but  for  additional  exper¬ 
iments  other  concentrations  between  1 M  and  15  M  were  used. 
In  the  so-constituted  Co-Cd  cells,  the  cobalt-based  electrode 
was  the  positive  pole  and  the  cadmium-based  one  the  negative 
electrode.  This  convention  will  be  used  in  the  whole  work,  so 
that  cell  “charge”  corresponds  to  cobalt  oxidation.  In  the  case 
of  CoO  as  starting  electrode  material,  the  cells  were  kept  4 
days  at  room  temperature,  after  introducing  electrolyte,  to  com¬ 
plete  CoO  hydrolysis  into  Co(OH)2  before  oxidation.  They  were 
then  heated  at  90  °C  and  charged  at  a  C/100  rate,  except  for 
final  experiments  where  various  rates  were  used.  Electrochem¬ 
ical  oxidations  were  performed  in  a  galvanostatic  mode,  with  a 
homemade  cycling  apparatus  and  software.  The  recorded  poten¬ 
tials  are  given  vs.  Cd(OH)2/Cd  electrochemical  couple.  Charge 
rates  are  given  as  CM,  meaning  that  one  electron  is  exchanged 
per  nickel  or  cobalt  atom  in  n  hours.  After  charge,  electrodes 
were  left  24  h  in  distilled  water,  with  periodic  change  of  the 
rinsing  solution,  in  order  to  remove  all  trace  of  electrolyte.  They 
were  then  dried  one  night  at  60  °C  and  milled  to  complete  an 
efficient  recovery  of  the  cobalt  material.  Separation  of  nickel, 
coming  from  the  nickel  foam,  was  performed  by  sieving  on  a 
sieve  with  80  [xm  holes. 

The  X-ray  diffraction  (XRD)  patterns  were  collected  using 
either  an  INEL  CPS  120  curve  position  sensitive  detector  with 
a  cobalt  anode  or  a  Siemens  D5000  diffractometer  (Cu  Ka).  In 
the  first  case  1-h  long  acquisitions  were  performed;  in  the  latter 
case,  the  data  were  recorded  with  a  scan  step  of  0.02°  (20)  for 
10s. 

Scanning  electron  microscopy  (SEM)  was  performed  upon 
pieces  of  electrode  (approx.  2  mm  x  2  mm)  with  a  field  effect 
gun  Hitachi  S4500  microscope.  A  2-nm  layer  of  platinum  was 
previously  sputtered  on  the  samples  to  evacuate  charges. 

Cobalt  in  alkaline  solution  was  titrated  either  by  EDTA  titra¬ 
tion  or  by  atomic  absorption  spectrometry  at  242.5  nm  using  a 
PerkinElmer  2280  apparatus.  Atomic  absorption  was  preferred 
in  the  case  of  electrolyte  testing  during  oxidation  because  the 
volume  of  available  solution  was  low.  In  order  to  investigate  the 
nature  of  cobalt  in  the  electrolyte,  UV-vis  spectra  were  collected 
on  a  Varian  Cary  5E  apparatus  in  the  300-1200  nm  wavelength 
range. 
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3.  Oxidation  of  CoO-  and  Co(OH>2 -based  electrodes  at 
90  °C  in  8M  KOH 

3.1.  Electrochemical  process  and  final  materials 

Electrodes  containing  CoO  or  Co(OH)2  were  electrochemi- 
cally  oxidized  at  a  C/100  rate  during  120  h  at  90  °C  in  an  8  M 
KOH  electrolyte.  The  electrodes  containing  CoO  were  previ¬ 
ously  hydrolyzed  in  the  same  electrolyte.  A  low  charge  rate 
(C/100)  was  chosen  in  order  to  avoid  kinetic  effects  and  to  form 
the  most  stable  phase  in  such  temperature  conditions. 

The  variations  of  cell  potential  vs.  time,  recorded  for  each 
synthesis  cell,  are  presented  in  Fig.  1.  The  XRD  patterns  of  the 
materials,  recovered  at  the  end  of  the  charge,  are  displayed  in 
Fig.  2.  A  pattern  of  the  material  recovered  when  processing  the 
same  experiment  from  CoO  at  room  temperature  (Fig.  2c)  is 
displayed  for  comparison. 

When  the  oxidation  is  performed  at  90  °C  from  CoO  as  a 
starting  material,  the  XRD  pattern  (Fig.  2a)  shows  the  forma¬ 
tion  of  a  pure  Co304-type  phase,  that  has  been  more  extensively 
described  in  a  previous  article  [18].  It  was  shown  that  this  phase 
exhibits  some  cobalt  vacancies,  contains  structural  hydrogen  and 
presents  an  average  cobalt  oxidation  state  of  2.68.  As  shown 
in  Fig.  1,  the  oxidation  occurs  on  a  plateau  around  0.7  V  vs. 
Cd(OH)2/Cd,  where  0.66  electrons  are  transferred  per  cobalt 
atom.  This  latter  value  is  completely  consistent  with  the  oxida¬ 
tion  of  cobalt,  initially  at  the  oxidation  state  of  2  in  the  CoO 
starting  material,  to  an  oxidation  state  of  2.66,  which  is  the  aver¬ 
age  value  in  C03O4.  After  this  plateau,  the  potential  increases, 
passes  through  a  maximum  and  stabilizes  around  0.95  V.  This 
latter  step  is  infinite  and  then  should  correspond  to  oxygen- 
evolution  reaction,  occurring  when  water  in  the  electrolyte  is 
oxidized  into  O2.  The  increasing  oscillations  of  potential  could 
correspond  to  the  formation  of  oxygen  bubbles. 

When  Co(OH)2  is  used  as  starting  material,  as  shown  by  XRD 
in  Fig.  2b,  a  significant  amount  of  the  CoOOH  phase  is  present  in 
the  sample  together  with  the  C03O4  phase.  The  general  shape  of 


charging  time  (h) 

Fig.  1.  Evolution  of  the  potential  vs.  charging  time  during  the  first  charge,  at 
90  °C,  in  8  M  KOH,  with  a  C/100  charging  rate,  for  an  electrode  initially  pasted 
with  CoO  and  hydrolyzed  before  charge  and  an  electrode  pasted  with  Co(OH)2. 
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Fig.  2.  XRD  patterns  of  the  materials  obtained  after  120  h  of  charge,  in  8M 
KOH,  with  a  C/100  charging  rate:  (a)  at  90°  C  from  previously  hydrolyzed 
CoO,  (b)  at  90  °C  from  Co(OH)2  and  (c)  at  25  °C  from  previously  hydrolyzed 
CoO. 

the  oxidation  curve  looks  like  that  observed  from  CoO  (Fig.  1). 
The  oxidation  plateau  takes  place  at  a  higher  potential  (0.8  V) 
and  approximately  0.8  electrons  are  exchanged  per  cobalt  atom 
on  this  plateau,  which  is  consistent  with  the  presence  of  the 
CoOOH  phase,  where  cobalt  is  in  a  higher  oxidation  state  than  in 
C03O4  (3  instead  of  2.66).  The  potential  maximum  at  the  end  of 
oxidation  reaches  a  higher  value  than  from  CoO  but  the  potential 
relaxes  after  too  and  the  oxygen-evolution  reaction  takes  place 
at  a  potential  only  0.1  V  higher  than  from  CoO. 

At  room  temperature,  as  shown  in  Fig.  2c,  a  majority  CoOOH 
phase  is  formed.  This  result  is  in  accordance  with  various  works 
that  have  shown  that  the  CoOOH  phase  is  formed  at  a  potential 
of  0.9  V  [13,19].  Moreover,  some  additional  diffraction  lines 
can  also  be  seen,  showing  that  a  small  amount  of  C03O4  can  be 
already  formed  at  room  temperature. 

3.2.  Structural  evolutions  of  the  materials  during  the 
oxidation 

In  order  to  understand  how  the  C03O4  phase  is  formed,  var¬ 
ious  electrodes  containing  CoO  were  hydrolyzed  for  4  days  in 
8  M  KOH  and  then  charged,  at  90  °C,  for  various  times,  at  the 
C/100  rate  in  the  same  electrolyte.  Similar  electrodes  were  pre¬ 
pared  with  Co(OH)2  and  directly  charged  in  the  same  conditions. 
The  materials  were  recovered  just  after  hydrolysis  (when  nec¬ 
essary)  and  after  25,  60  and  120  h.  These  times  are  labeled  as 
A,  B,  C  and  D,  respectively  on  the  charge  curves  of  Fig.  1.  The 
XRD  patterns  of  the  corresponding  materials  are  displayed  in 
Fig.  3  from  CoO  and  in  Fig.  4  from  Co(OH)2.  The  materials 
recovered  after  120  h  correspond  to  the  final  materials  presented 
in  the  previous  section  (Fig.  2). 
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Fig.  3.  XRD  patterns  of  the  materials  obtained  after  a  charge  in  8  M  KOH,  with  4  XRD  pattems  of  the  materials  obtained  after  a  charge  in  8  M  KOH>  with 

a  C/100  charging  rate,  at  90°  C,  from  previously  hydrolyzed  CoO:  (a)  starting  a  c/m  charging  rate>  a,  90 cC_  from  Co(0H)2:  (a)  starting  materiap  (b)  after 

material,  (b)  after  25  h  of  charge,  (c)  after  60  h  of  charge  and  (d)  after  120  h  of  25  h  of  charge>  (c)  after  60  h  of  charg  and  (d)  after  120  h  of  charge  (same  pattern 


charge  (same  pattern  as  Fig.  2a). 


as  Fig.  2b). 


As  shown  in  Fig.  3a,  hydrolysis  of  CoO  leads  to  a  mixture  that 
contains  a  majority  Co(OH)2  phase,  remaining  CoO  and  small 
amount  of  oxidized  phases  (CoOOH  and  C03O4).  These  latter 
phases  probably  result  from  the  oxidation  of  cobalt  by  dissolved 
oxygen.  The  XRD  patterns  of  the  other  recovered  electrodes 
(Fig.  3b  and  c)  show  a  progressive  decrease  of  the  amount  of 
Co(OH)2  and  a  regular  increase  of  the  amount  of  C03O4.  The 
CoOOH  phase  disappears  during  the  process. 

In  the  case  of  the  Co(OH)2 -based  starting  electrode,  the 
amount  of  the  CoOOH  phase  increases  since  the  beginning  of 
the  charge.  Most  of  the  C03O4  phase  that  is  present  in  the  final 
material  seems  to  be  formed  from  Co(OH)2  only  after  25  h  of 
charge.  At  the  end  of  the  charge,  the  CoOOH  phase  has  not 
disappeared. 

These  observations  show  that  the  main  reaction  is  the  trans¬ 
formation  of  Co(OH)2  into  C03O4.  But  the  question  whether 
the  formation  of  CoOOH  is  an  intermediate  stage  or  a  concur¬ 
rent  reaction  is  raised.  The  earlier  formation  of  CoOOH  and 
the  fact  that  this  phase  disappears  when  starting  from  CoO,  is 


thus  consistent  with  this  phase  being  an  intermediate.  But  the 
large  amount  of  CoOOH  at  the  end  of  the  reaction,  when  starting 
from  Co(OH)2,  is  not  consistent  with  such  an  hypothesis.  This 
behavior  will  be  explained  in  the  final  discussion. 

To  be  more  precise,  in  the  case  of  the  reaction  from  Co(OH)2 
(Fig.  4),  where  the  three  phases:  Co(OH)2,  CoOOH  and  C03O4 
are  simultaneously  present  in  the  electrodes,  the  approximate 
amounts  of  these  cobalt  phases  were  estimated  on  the  basis  of 
the  XRD  patterns.  For  this  purpose,  intensity  ratios  were  taken 
as  indicators,  based  on  three  non-overlapping  diffraction  lines 
of  the  three  phases:  (00  3)  line  for  CoOOH  at  20.3°  ( 2$cu ) 
(2  20)  line  for  C03O4  at  31.5°  and  (100)  line  for  Co(OH)2 
at  32.4°.  From  a  general  viewpoint,  in  a  binary  mixture  of  two 
phases  (A  and  B)  and  considering  one  diffraction  line  of  the 
XRD  pattern  for  each  phase  (respectively  line  A  and  line  B),  the 
weight  fraction  of  phase  A  is  expected  to  be  equal  to  the  ratio: 
(area  line  A)/[(area  line  A)  +  k(area  line  B)],  where  k  is  a  factor 
depending  on  the  relative  intensity  of  the  considered  lines,  and 
the  natures  of  both  phases.  Several  binary  mixtures  in  various 
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Table  1 


Composition  of  the  recovered  material  after  different  charging  times  during  the 
charge  of  a  Co(OH)2 -pasted  electrode 


Oxidation  time 

Oh 

25  h 

60  h 

120  h 

Co(OH)2  wt.% 

100 

63 

12 

0 

CoOOH  wt.% 

0 

30 

38 

39 

C03O4  wt.% 

0 

7 

50 

61 

These  values  were  evaluated  by  comparing  the  surface  of  the  peaks  on  the 
patterns  of  Fig.  4. 


proportions  of  CoOOH  and  C03O4  powders  and  of  Co(OH)2 
and  C03O4  powders  were  thus  prepared  and  investigated  by 
XRD.  In  the  case  of  the  C0OOH/C03O4  mixtures,  the  k  factor 
was  empirically  determined  in  order  to  minimize  the  differ¬ 
ence  between  the  (0  0  3)Co0oh/[^(2  2  0)Co3q4  +  (0  0  3)Co0oh] 
ratio  and  the  weight  fraction  of  CoOOH  in  the  various  samples. 
The  same  procedure  was  used  for  Co(OH)2/Co304  mix¬ 
tures.  Hence  the  resulting  ratio  (00  3)CoOoh/[8(2  20)Co3o4  + 
(0  0  3)Co0oh]  was  taken  to  evaluate  the  CoOOH  weight  fraction 
(vs.  C03O4)  in  the  electrochemically  synthesized  samples  and 
the  (1  0  0)Co(oh)2/[1-25(2  2  0)Co3q4  +  (1  0  0)Co(Oh)2]  rati°  was 
taken  for  the  Co(OH)2  weight  fraction  (also  vs.  C03O4).  Both 
weight  fractions  lead  to  the  composition  of  the  samples.  The  dif¬ 
ference  between  the  ratios  deduced  from  XRD  with  the  prepared 
weight  fraction  was  less  than  10%  for  the  calibration  mixtures. 
The  calculated  proportions  are  reported  in  Table  1 .  Even  though 
these  proportions  do  not  give  the  exact  values  of  the  weight 
percentages,  the  accuracy  is  good  enough  to  highlight  some  ten¬ 
dencies.  The  main  deviation  should  indeed  especially  come  from 
the  phases  used  for  the  standard  mixtures  that  exhibit  probably 
crystallites  sizes  different  from  the  phases  in  the  electrodes.  The 
values  in  Table  1  confirm  that  the  CoOOH  phase  is  formed  in 


a  first  step  and  C03O4  in  a  second  step,  and  that  the  CoOOH 
formed  does  not  disappear  during  the  second  step.  Logically  the 
amount  of  Co(OH)2  decreases  progressively  during  the  charge. 

4.  Behavior  of  Co(OH)2  and  CoOOH  at  90  °C  in  8  M 
KOH 

Three  additive  experiments  have  been  carried  out  to  investi¬ 
gate  different  mechanisms  that  are  likely  to  be  involved  in  the 
formation  of  C03O4. 

First,  an  electrode,  containing  CoO,  was  hydrolyzed  for 
4  days  in  8M  KOH  at  room  temperature  and  then  main¬ 
tained  120  h  at  90  °C.  This  treatment  at  90  °C  induces  very 
small  changes  (results  not  shown)  in  comparison  to  elec¬ 
trodes  hydrolyzed  at  room  temperature  (Fig.  3a)  and  composed 
of  a  majority  Co(OH)2  phase,  remaining  CoO  and  small 
amount  of  CoOOH  and  C03O4.  Only  the  traces  of  the  CoOOH 
phase  disappear.  This  shows  that  the  transformations  during 
the  electrochemical  oxidation  cannot  be  due  to  temperature 
only. 

Second,  an  electrode,  containing  ex  situ  prepared  CoOOH, 
was  also  charged  at  the  same  rate  and  temperature  in  8  M  KOH. 
This  CoOOH  phase  was  obtained  by  simultaneous  precipitation 
of  Co(OH)2  and  oxidation  by  adding  a  Co(N03)2  solution  to 
NaClO/KOH  mixture.  Except  for  a  noticeable  recrystallization 
of  the  phase,  no  significant  change  was  observed  after  electro¬ 
chemical  oxidation  at  90  °C  (results  also  not  shown  here).  The 
direct  evolution  of  CoOOH  could  thus  not  lead  to  C03O4.  It 
should,  however,  be  noticed  that  during  this  experiment,  the 
potential  was  maintained  at  1.2  V  by  charging,  which  could 
possibly  hinder  the  reduction  of  CoOOH. 

Third,  750  mg  of  a  mixture  of  CoOOH  and  Co(OH)2  in 
2/1  molar  proportions,  previously  ground  in  a  mortar,  were 
let  in  20  mL  of  8M  KOH,  at  90  °C,  during  15  h.  The  experi- 
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Fig.  5.  XRD  patterns  of  the  materials  submitted  to  treatment  at  90  °C,  in  8M  KOH,  during  15  h.  (a)  Starting  materials:  Co(OH)2,  CoOOH,  mixture  (l/3)Co(OH)2 
(2/3)CoOOH.  (b)  After  treatment  (*  potassium  salts  from  electrolyte). 
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ment  was  performed  in  an  air-tight  container  without  stirring. 
The  Co(OH)2  phase  was  the  same  as  for  electrochemical 
experiments  and  the  CoOOH  phase  had  been  obtained  by 
the  same  way  as  for  the  previous  experiment.  Similar  exper¬ 
iments  were  processed  with  the  starting  materials  separately. 
XRD  patterns  of  the  starting  materials  (a)  and  the  final  mate¬ 
rials  (b)  are  presented  in  Fig.  5.  With  the  single  phases 
(Co(OH)2  or  CoOOH)  as  starting  phases,  the  patterns  of 
the  final  materials  indicate  very  few  changes,  except  for  a 
noticeable  recrystallization  shown  by  the  narrower  diffrac¬ 
tion  lines,  especially  in  the  case  of  CoOOH.  On  the  contrary, 
when  starting  with  the  CoOOH/Co(OH)2  mixture,  a  nearly 
complete  chemical  reaction  takes  place,  leading  to  C03O4 
(Fig.  5b).  The  proportions  of  the  phases,  indicated  in  Fig.  5b, 
have  been  calculated  using  the  diffraction  lines  area  ratio 
method  already  used  in  the  previous  section.  The  CoOOH 
phase,  resulting  from  the  oxidation  of  Co(OH)2,  can  thus 
disappear  to  form  the  C03O4  phase,  following  the  reaction: 
Co(OH)2  +  2CoOOH  ->  C03O4  +  H2O.  This  reaction  is  neces¬ 
sarily  taking  place  during  the  electrochemical  oxidation,  since 
the  CoOOH  and  Co(OH)2  are  present  together  during  the  elec¬ 
trochemical  oxidation  at  90  °C  in  8M  KOH  (see  previous 
section). 


4.1.  Textural  aspects 

A  SEM  study  of  the  electrodes  before  and  after  charge  shows 
a  major  evolution  of  the  aspect  of  the  electrodes  in  the  case 
of  both  starting  materials:  hydrolyzed  CoO  (Fig.  6a  and  b)  or 
Co(OH)2  (Fig.  6c  and  d).  Both  electrodes  before  charge  have 
a  similar  aspect:  cobalt  material  fills  the  porosity  of  the  nickel 
foam.  After  120  h  of  oxidation,  both  types  of  electrodes  exhibit 
a  porous  aspect  and  the  whole  material  is  located  around  the 
nickel  foam,  forming  a  shell.  These  views  account  for  a  global 
migration  of  the  cobalt  phases  from  the  inside  of  the  pores  to 
the  surface  of  nickel  foam  during  the  charge.  Such  a  long-range 
transport  suggests  a  mechanism  via  the  solution. 

We  could  also  observe  the  cross-section  of  the  shell  surround¬ 
ing  the  nickel  foam  after  the  charge  of  hydrolyzed  CoO  and 
Co(OH)2  as  starting  materials,  in  some  places  where  the  oxide 
coat  was  broken.  The  views  are  presented  in  Fig.  7.  The  shell  is 
composed  of  two  layers  (Fig.  7al  and  a2)  with  CoO  as  starting 
material  and  three  layers  (Fig.  7bl-b3)  in  the  case  of  Co(OH)2. 
In  both  cases,  the  external  layers  are  very  thin  (Fig.  7al  and 
bl).  It  should  also  be  remembered  that  the  XRD  patterns  of  both 
corresponding  materials,  already  presented  in  Fig.  3d  and  4d, 
have  shown  that  the  material  obtained  from  CoO  consists  of  the 


Before  charge  Hydrolysed  CoO  Before  charge  Co(OH)2 


Fig.  6.  SEM  pictures  (200x)  of  electrodes  pasted  with  CoO  and  Co(OH)2i  (a)  electrode  pasted  with  CoO  after  hydrolysis,  (b)  the  same  after  120 h  charge  at  90  °C, 
(c)  electrode  pasted  with  Co(OH)2  and  (d)  the  same  after  120h  charge  at  90  °C.  Dashed  white  lines  correspond  to  the  outline  of  the  nickel  foam. 
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Fig.  7.  SEM  pictures  of  the  cross-section  of  the  shell  made  of  cobalt  oxide  and  hydroxide,  surrounding  the  nickel  foam,  after  a  charge  at  90° C  in  8  M  KOH:  (a) 
general  view  (lOOOx)  for  a  starting  CoO-pasted  electrode,  (al)  zoom  (30,000  x)  of  the  texture  at  the  surface  of  the  shell,  (a2)  zoom  (x  30,000)  of  the  bulk  of  the  shell, 
(b)  general  view  (x  1000)  for  a  starting  Co(OH)2 -pasted  electrode,  (bl)  zoom  (20,000  x)  of  the  texture  at  the  surface  of  the  shell  and  (b2)  and  (b3)  zoom  (20,000  x) 
on  two  different  layers  forming  the  bulk  of  the  shell. 


C03O4  phase,  while  that  obtained  from  Co(OH)2  is  a  mixture  of 
C03O4  and  CoOOH  in  similar  proportions. 

When  the  starting  material  is  CoO  (Fig.  7a),  the  material 
within  the  thick  layer  (Fig.  7a2),  consists  of  a  compact  packing 
of  irregular  crystal.  Considering  the  XRD  pattern,  this  material 
is  C03O4. 

When  the  starting  material  is  Co(OH)2  (Fig.  7b),  two  thick 
layers  can  be  observed  in  the  cross-section.  The  layer  closer  to 
the  nickel  foam  (Fig.  7b3)  is  constituted  of  irregular  crystals, 


the  texture  of  which  is  very  similar  to  that  observed  from  CoO 
(Fig.  7a2).  Therefore,  we  assigned  this  layer  to  C03O4.  The 
layer  surrounding  the  previous  one  is  formed  by  platelet-type 
particles  (Fig.  7b2),  which  can  be  assigned  to  the  CoOOH  phase. 
The  observed  similar  thickness  of  both  layers,  though  difficult 
to  evaluate,  seem  to  be  consistent  with  the  proportions  of  the 
two  phases  suggested  by  XRD  pattern.  These  textural  features 
with  both  starting  materials  are  schematically  summarized  in 
Fig.  8. 
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Fig.  8.  Schematic  representation  of  the  repartition  of  the  cobalt  phases  deposited 
at  the  surface  of  the  nickel  foam  after  a  charge,  at  90  °C,  in  8  M  KOH,  for  (a)  a 
previously  hydrolyzed  CoO  pasted  electrode  and  (b)  a  Co(OH)2  pasted  electrode. 


Other  SEM  observations  (not  presented  here)  have  shown 
that  in  both  cases,  the  superficial  layer,  made  of  thin  foils  (Fig 
7al-bl),  is  formed  just  after  the  potential  maximum  has  been 
reached  on  the  charge  curve  (Fig.  1).  Such  texture  could  thus  be 
linked  to  the  oxygen-evolution  reaction. 

As  a  conclusion,  two  main  points  should  be  extracted  from  the 
SEM  study.  First,  the  material  migrates  at  relatively  long  range 
during  the  process,  suggesting  a  mechanism  involving  dissolu¬ 
tion  and  transport  trough  electrolyte.  Second,  the  C03O4  phase 
seems  to  be  formed  in  both  studied  cases  around  the  current 
collector. 

4.2.  Cobalt  in  the  electrolyte 

The  cobalt  species  dissolved  within  the  electrolyte  were 
investigated  in  order  to  confirm  the  mechanism  of  transport  via 
the  solution.  Such  mechanism  was  suggested  by  textural  fea¬ 
tures  and  by  the  structural  changes,  required  to  transform  the 
lamellar  Co(OH)2  phase  into  cubic  C03O4. 

Whatever  the  charging  time,  the  electrolyte  has  a  blue  color, 
which  is  consistent  with  the  color  reported  for  cobalt  complexes 
in  basic  solution  [10,15].  UV-vis  spectroscopy  experiments 
were  performed  upon  these  electrolytes.  The  recorded  spec¬ 
trum  for  the  electrolyte  recovered  during  charge  of  a  previously 
hydrolyzed  CoO  electrode  is  presented  in  Fig.  9.  The  spectrum 
collected  for  50  mL  of  an  8  M  KOH  solution,  held  15  h  at  90  °C 
with  2  g  Co(OH)2  therein,  is  displayed  for  comparison.  The  com¬ 
parison  of  the  spectra  shows  a  similar  position  in  the  two  cases 
for  the  three  absorption  peaks  at  533,  584  and  629  nm.  These 
absorptions  are  likely  to  correspond  to  Co2+  in  tetrahedral  envi¬ 
ronment  [10],  confirming  that  the  blue  cobalt  complex  involved 
is  Co(OH)42“. 


wavelength  (nm) 

Fig.  9.  UV-vis  spectrum  of  the  electrolyte  recovered  during  the  charge  of  a 
previously  hydrolyzed  CoO  electrode.  The  spectrum  of  an  8  M  KOH  solution, 
in  which  Co(OH)2  was  dissolved  at  90  °C,  during  15  h,  is  displayed  as  reference. 


Table  2 

Cobalt  concentration  in  different  KOH  solutions,  after  storage  of  2  g  of  Co(OH)2 
in  50  mL  of  solution,  at  90  °C,  during  15  h 


[KOH]  (M) 

[Co]  (mgL-1) 

1 

20 

5 

130 

8 

375 

15 

1050 

In  addition,  the  solubility  in  KOH  electrolytes  of  the  dif¬ 
ferent  cobalt  phases:  Co(OH)2,  CoOOH,  CoO,  likely  to  be 
involved  in  the  formation  mechanism  of  C03O4,  were  mea¬ 
sured.  For  this  purpose,  2g  of  Co(OH)2  or  CoOOH  or  1.6  g 
of  CoO,  these  weights  corresponding  to  similar  cobalt  amounts, 
were  placed  in  an  air-tight  container  with  50  mL  of  electrolytes 
with  various  concentrations  (1,  5,  8  and  15  M),  during  15  h, 
at  90  °C.  The  cobalt  concentrations  in  the  solutions  were  then 
measured  by  EDTA  titration  as  described  in  the  experimental 
part.  The  evolution  of  the  solubility  of  Co(OH)2  as  a  function 
of  KOH  concentration  (1-15  M  range)  is  presented  in  Table  2. 
The  solubilities  of  the  other  studied  phases  in  8M  KOH  can 
be  compared  in  Table  3.  The  first  point  is  that  the  solubility  of 
Co(OH)2  increases  regularly  with  KOH  concentration,  as  shown 
in  Table  2.  In  8  M  KOH  (Table  3),  the  resulting  amount  of  cobalt 
in  solution  is  higher,  when  the  starting  material  is  Co(OH)2 
rather  than  CoO.  In  the  case  of  CoOOH,  no  significant  amount 
of  cobalt  is  detected  in  solution. 

After  these  preliminary  experiments,  the  evolution  of  the 
cobalt  concentration  in  the  electrolyte  (8  M  KOH)  was  followed 


Table  3 

Cobalt  concentration  in  8M  KOH  solutions,  after  storage  of  2  g  of  Co(OH)2, 
CoOOH  or  1 .6  g  of  CoO  in  50  mL  of  solution,  at  90  °C,  during  15  h 


[Co]  (mgL-1) 

Co(OH)2  90  °C 

375 

CoO 90 °C 

135 

CoOOH  90  °C 

0 
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by  atomic  absorption  spectroscopy,  during  the  charge,  at  90  °C, 
of  CoO-  and  Co(OH)2 -based  electrodes,  at  the  C/100  charge  rate. 
Among  the  75  mL  used  as  electrolyte  for  a  test  cell,  2-2.5  mL 
were  taken  out  at  several  times;  1  mL  was  diluted  between  50 
and  200  times  in  distilled  water  and  the  cobalt  concentration 
was  measured.  It  should  be  noted  that  such  way  of  proceed¬ 
ing,  convenient  because  only  a  small  amount  of  electrolyte 
was  needed  for  each  measurement,  leads  to  a  relatively  high 
incertitude  (approx.  ±15%).  The  evolutions  of  the  cobalt  con¬ 
centration  in  the  electrolyte  vs.  time  are  presented  in  Fig.  10 
for  both  experiments  (starting  with  CoO  or  with  Co(OH)2). 
In  both  cases,  cobalt  concentration  increases  during  the  first 
20  h  of  charge,  then  seems  to  decrease  slightly  until  the  end 
of  reaction  (corresponding  to  the  increase  in  potential  on  the 
charge  curve  in  Fig.  1),  where  the  cobalt  concentration  drops 
to  a  value  as  small  as  15  mgL-1  in  both  cases.  The  measured 
cobalt  concentration  is  significantly  higher  in  the  case  of  a  start¬ 
ing  Co(OH)2  phase,  reaching  a  maximum  value  of  130  mg  L-1, 
while  80mgL-1  is  the  maximum  value  when  starting  from 
CoO. 

This  behavior  can  be  explained  with  the  results  reported 
in  the  previous  sections.  The  increase  in  cobalt  concentration 
in  the  electrolyte,  during  the  1st  hours,  is  probably  linked  to 
the  kinetics  of  dissolution  of  Co(OH)2  at  90  °C.  The  limita¬ 
tion  of  the  cobalt  concentration  after  25  h  and  the  fact  that  the 
maximum  values  reached  for  CoO  and  Co(OH)2  (respectively 
80  and  130  mg  L-1)  are  much  lower  than  the  values  of  solu¬ 
bility  reported  in  Table  3  (135  and  375  mg  L-1),  suggest  that 
cobalt  in  electrolyte  is  consumed  by  a  reaction.  This  reaction 
could  correspond  to  that  shown  in  a  previous  section,  for  a 
2:1  mixture  of  CoOOH  and  Co(OH)2.  In  this  case,  this  reac¬ 
tion  is  likely  to  process  between  the  CoOOH  phase  in  the  solid 
state  and  Co2+  ions  within  the  solution  (actually  Co(OH)42- 
complexes),  coming  from  dissolution  of  Co(OH)2.  Such  mech¬ 
anism  is  in  accordance  with  the  cobalt  concentration  dropping 
from  the  electrolyte  as  soon  as  the  Co(OH)2  phase  has  disap¬ 
peared. 


From  CofOHb 


From  CoO 
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Fig.  10.  Evolutions  of  the  concentration  of  cobalt  in  the  electrolyte  vs.  charging 
time,  during  charges,  at  90  °C,  in  8M  KOH,  of  a  previously  hydrolyzed  CoO 
electrode  and  of  a  Co(OH)2  electrode. 


4.3.  Influence  of  charging  rate  and  electrolyte 
concentration 

In  the  previous  sections,  the  electrochemical  oxidation  of  the 
cobalt  phases  has  been  studied  in  conditions  (8  M  KOH  and 
C/100)  which  have  been  optimized  to  lead  to  a  single  C03O4 
phase  with  CoO  as  starting  material.  In  these  conditions,  the  for¬ 
mation  of  C03O4  and  CoOOH,  starting  from  Co(OH)2  (which  is 
also  formed  from  hydrolysis  of  CoO),  occurs  with  two  different 
kinetics.  The  material  resulting  from  the  electrochemical  process 
should  thus  depend  on  the  charge  rate.  Besides,  part  of  the  pro¬ 
cess  involves  a  mechanism  via  the  solution.  As  we  previously 
showed  that  Co(OH)2  solubility  is  related  to  KOH  concentra¬ 
tion,  the  final  material  should  also  depend  on  the  electrolyte 
concentration. 

Electrodes,  prepared  with  CoO,  were  previously  hydrolyzed 
and  then  charged  (with  150%  overcharge)  at  90  °C,  on  the 
one  hand  in  8M  KOH  at  various  charge  rates  and  on  the 
other  hand  in  various  KOH  concentrations  at  C/100  charge 
rate.  The  weight  fractions  of  CoOOH  were  evaluated  in  the 
materials  recovered  after  the  charge.  For  this  purpose,  the 
intensity  ratio  previously  used  in  this  paper  was  considered: 
(00  3)coooh/[8(2  20)cO3o4  +  (00  3)coooh]»  this  ratio  being 
a  good  approximation  of  the  CoOOH  weight  fraction  in  a 
C03O4/C0OOH  binary  mixture.  The  evolutions  of  the  weight 
fraction  of  CoOOH  in  the  recovered  samples  as  a  function  of 
charge  rate  or  KOH  concentration  are  displayed  in  Fig.  11a  and 
b,  respectively. 

As  shown  in  Fig.  11a,  the  amount  of  the  CoOOH  phase  in 
the  recovered  samples  increases  with  increasing  charge  rate  (in 
8  M  KOH),  from  0%  at  the  C/100  charge  rate  up  to  12%  at  C/2. 
Such  evolution  suggests  that  formation  of  CoOOH  is  quicker 
than  formation  of  C03O4,  which  is  consistent  with  the  results  of 
Table  1. 

As  shown  in  Fig.  lib,  the  amount  of  the  CoOOH  phase  in 
the  recovered  samples  increases  with  decreasing  KOH  concen¬ 
tration  (with  a  C/100  charge  rate).  A  lower  cobalt  concentration, 
obtained  with  a  lower  KOH  concentration  (see  previous  section), 
thus  slows  down  the  formation  of  C03O4. 

5.  Discussion  upon  cobalt  oxidation  mechanism 

We  propose  a  global  mechanism  for  the  electrochemical 
oxidation  of  cobalt  phases  in  8M  KOH  at  90  °C,  based  on 
the  previous  experiments  The  proposed  mechanism  should 
explain  the  differences  between  hydrolysed  CoO  and  Co(OH)2 
as  starting  materials,  the  textural  features,  the  values  of  cobalt 
concentration  in  the  electrolyte  during  the  charge,  and  the  influ¬ 
ence  of  the  charge  rate  and  KOH  concentration. 

With  the  cobalt  derivatives,  the  following  reactions  are  well 
known: 

CoO  +  H20  ->  Co(OH)2  (hydrolysis  of  CoO)  (1) 

Co(OH)2  — >  CoOOH  +  H++e“ 

(electrochemical  oxidation  of  Co(OH)2[9,  19])  (2) 
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n  :  number  of  hours  to  discharge  1  electron 
Charge  rate :  C/n 
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Fig.  11.  Evolutions  of  the  weight  content  of  the  CoOOH  phase  vs.  (a)  charge 
rate  and  (b)  KOH  concentration,  in  the  material  recovered  after  a  charge,  at 
90  °C,  of  a  previously  hydrolyzed  CoO  electrode. 


Co(OH)2  +  20H“  -*  Co(OH)42“ 

(solubilityof  Co(OH)2)  (3) 

The  feasibility  of  the  following  reaction  has  also  been  demon¬ 
strated  in  this  paper: 

Co(OH)2  +  2CoOOH  -*  C03O4  +  2H20  (4) 

But  since  that  reaction  is  not  likely  to  occur  in  the  solid  state  at 
90  °C,  the  real  reaction  is  probably 

Co(OH)42_  +  2CoOOH  -*  Co304  +  2H20  +  20H“  (5) 

Hence,  as  the  starting  electrode  (after  hydrolysis  from  CoO) 
contains  Co(OH)2,  the  reactional  pathway  is  probably  a  clas¬ 
sical  electrochemical  oxidation  of  Co(OH)2  into  CoOOH  (2) 
followed  by  a  reaction  of  CoOOH  with  Co  complexes  in  the  elec¬ 
trolyte  in  solution  (5).  The  role  of  the  temperature  is  to  increase 
the  solubility  of  cobalt  and  also  the  kinetics  of  reaction  (5).  The 


initial  temperature  of  the  formation  of  the  electrode  (90  °C)  is 
therefore  a  key  point  for  the  cycling  performance,  because  the 
solubility  of  cobalt  and  the  kinetics  of  reaction  (5)  influence  the 
amounts  of  C03O4  (which  brings  the  high  level  of  electronic 
conductivity)  and  of  remaining  CoOOH  (which  entails  a  bad 
behavior  in  the  case  of  a  deep  discharge).  In  other  terms,  a  tem¬ 
perature  lower  than  90  °C  will  tend  to  decrease  the  amount  of 
C03  O4  in  favor  of  CoOOH,  and  the  electrochemical  performance 
will  be  poorer. 

The  hydrolysis  of  CoO  (1)  is  likely  to  lead  to  much  smaller 
particles  of  Co(OH)2  than  those  of  a  commercial  product  used 
as  starting  phase.  Because  of  the  low  charge  rate,  the  kinetics 
of  reaction  (2)  should  not  be  significantly  affected.  But  bigger 
particles  of  Co(OH)2  will  lead  to  bigger  particles  of  CoOOH, 
which  should  react  much  more  slowly  with  cobalt  complex  in 
solution,  resulting  in  a  much  slower  formation  of  C03O4.  As 
schematized  in  Fig.  12,  this  could  account  for  the  compositions 
and  the  textures  of  the  electrodes:  the  CoOOH  phase  begins 
to  form  close  to  the  current  collector,  then  the  earlier  formed 
CoOOH  will  be  transformed  into  C03O4  and  the  CoOOH  is 
continuously  formed  further  away  from  the  current  collector. 
The  reaction  stops  when  there  is  no  remaining  Co(OH)2.  If  the 
formation  of  C03O4  (reaction  (5))  is  fast,  all  the  CoOOH  is 


Starting  phase 

CofOHF 

Co(OH)42' 


a)  Starting  electrodes 


Pristine  Co(OH)2 
Co(OH)2 

(hydrolysed  CoO) 
Ni  foam 

(current  collector) 

I 


Starting  phase 

CoO 


b)  Beginning  of  the 
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- —  CoOOH 
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Fig.  12.  Schematic  representation  of  the  processes  involved  during  the  charge 
at  90  °C  of  an  electrode  containing  hydrolysed  CoO  or  Co(OH)2:  (a)  electrodes 
before  charge  illustrating  morphologic  differences  between  pristine  Co(OH)2 
and  Co(OH)2  resulting  from  CoO  hydrolysis;  (b)  beginning  of  charge:  oxida¬ 
tion  of  Co(OH)2  into  CoOOH;  (c)  before  the  end  of  the  charge:  CoOOH  and 
Co(OH)42-  react  together  to  form  C03O4:  (cl)  the  reaction  is  slow.  Later  formed 
CoOOH  will  remain  in  an  external  layer,  (c2)  the  reaction  is  fast.  All  CoOOH 
will  be  transformed  in  C03O4. 
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transformed.  If  reaction  (5)  is  slow,  CoOOH  is  remaining  in  the 
external  layer  (formed  later). 

This  mechanism  could  also  account  for  the  differences  in  the 
cobalt  concentration  in  the  electrolyte.  Reaction  (5)  is  consum¬ 
ing  cobalt  in  the  electrolyte,  which  is  continuously  produced  by 
dissolution  of  Co(OH)2  (3).  If  reaction  (5)  is  fast,  the  concen¬ 
tration  of  cobalt  in  the  electrolyte  would  thus  be  lower  than  if  it 
is  slow. 

Finally,  the  influence  of  KOH  concentration  and  charge  rate 
upon  the  nature  of  the  final  material  is  also  completely  con¬ 
sistent  with  such  mechanism.  A  higher  charge  rate  should  favor 
the  formation  of  CoOOH,  as  observed  (Fig.  1  la).  A  higher  KOH 
concentration  favors  cobalt  dissolution  (Table  2);  the  cobalt  con¬ 
centration  would  then  be  higher  and  thus  the  formation  of  C03O4 
faster,  resulting  in  the  presence  of  less  CoOOH  in  the  final 
material  (Fig.  lib). 

6.  Conclusion 

We  have  shown  that,  in  8  M  KOH,  performing  the  electro¬ 
oxidation  of  cobalt  at  a  low  charging  rate,  at  90  °C  rather 
than  at  room  temperature,  favors  the  formation  of  a  C03  O4- 
type  phase  at  the  expense  of  the  CoOOH  phase,  usually 
formed  at  room  temperature.  The  formation  of  this  phase  is 
favorised  by  a  low  charge  rate  and  a  high  KOH  concentra¬ 
tion.  With  optimized  conditions,  C/100  charge  rate  and  at  least 
8M  KOH  concentration,  a  single  Co304-type  phase  can  be 
formed. 

Having  pure  C03O4,  without  CoOOH,  as  conductive  addi¬ 
tive  in  the  electrode  is  very  interesting,  because  the  structure 
of  this  C03O4  phase  was  shown  through  voltammetry  stud¬ 
ies  to  be  stable  at  very  low  potential,  down  to  —0.4  V  vs. 
Hg/HgO  [12,17],  contrarily  to  CoOOH,  which  is  reduced 
into  Co(OH)2  at  —0.2  V,  and  dissolved  in  the  electrolyte 
[10].  Consequently,  the  results  reported  in  this  paper  sug¬ 
gest  to  perform  an  initial  electro-oxidation  at  90  °C  of  CoO, 
rather  than  Co(OH)2,  to  obtain  a  ratio  C03O4/C0OOH  as 
high  as  possible  and  a  maximal  stability  of  the  conductive 
network  at  low  potential  (deep  discharge  or  long-term  float¬ 
ing). 

As  far  the  mechanism  of  cobalt  oxidation  and  formation  of 
C03O4  is  concerned,  high  temperature  for  an  aqueous  medium 
has  been  shown  to  increase  Co(OH)2  solubility  and  thus  to 
allow  the  reaction  between  the  CoOOH  phase,  formed  by  elec¬ 
trochemical  oxidation,  and  the  cobalt  in  solution  (Co(OH)42- 
complexes). 


Moreover,  this  study  shows  again,  how  complex  the  mecha¬ 
nisms  involving  cobalt  are,  in  alkaline  batteries.  For  example  in 
an  electrode  initially  containing  only  CoO,  four  different  cobalt 
phases  are  present  after  hydrolysis:  CoO,  Co(OH)2,  C03O4  and 
CoOOH  (Fig.  3a).  In  the  present  conditions,  most  of  these  stud¬ 
ied  phases  are  metastable.  The  properties  of  the  various  materials 
can  also  significantly  depend  on  the  texture,  as  shown  by  the 
totally  different  electrochemical  behavior  obtained  starting  from 
Co(OH)2,  either  prepared  ex  situ  or  obtained  by  hydrolyzing 
CoO. 
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